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ABSTRACT: The pH of aqueous aerosols, as well as cloud
and fog droplets, has an important influence on the chemistry
that takes place within these unique microenvironments.
Utilizing conjugate acid/base pairs to infer pH changes, we
investigate, for the first time, changes in aerosol pH upon
coalescence. In particular, we show that the pH within
individual aqueous aerosols that are ∼8 μm in diameter can be
titrated via droplet coalescence in an aerosol optical tweezer.
Using sulfate/bisulfate and carbonate/bicarbonate as model
systems, the pH of trapped aerosols is determined before and
after introduction of smaller aerosols containing a strong acid.
The pH change upon coalescence with the smaller, acidic
aerosol is calculated using specific ion interaction theory.
Furthermore, we show that the pH of an individual aerosol can be altered along a fairly wide range of pH values, paving the way
for future studies requiring rigorous pH control of an aqueous aerosol.

Acidity is a key factor in aerosol chemistry, as well as in the
chemistry that occurs in cloud and fog droplets. The

microenvironment within an individual aerosol can be very
different from that of a bulk solution, and therefore, it is
important that pH within individual aerosols be measured and
controlled. Many atmospheric multiphase chemical processes
are pH-dependent, including transition-metal-catalyzed oxida-
tion processes and secondary organic aerosol formation.1−5

For inorganic and organic acids, molecular and ionic speciation
of acid/base conjugate pairs depends on pH, and for metals,
such as iron, solubility and speciation are highly pH-
dependent. Therefore, it is extremely important to take pH
into account when studying aqueous aerosol chemistry.6−15

Although cloudwater is generally acidic with a pH around 5,
more alkaline cloud pH values around 7 have been reported,
and very low pH aqueous environments within aerosols (pH
less than 3) have been proposed as well.16−22 This indicates
that droplets in the atmosphere, whether as aqueous aerosols
or in cloud and fog waters, are highly variable in terms of pH.
Furthermore, the chemistry within the microenvironment of a
droplet and at the surface of the droplet can be different from
that of a bulk solution.23−26

Given that pH is a key factor in aerosol, cloud, and fog
chemistry, there are very few direct measurements of aerosol
pH. Most methods for determining aerosol pH in the past have
used indirect proxy methods. The main proxy methods used to
estimate aerosol acidity include the ion balance method, the
molar ratio method, thermodynamic equilibrium models, and
phase partitioning of ammonia.27 All of these methods provide
valuable information, yet each has limitations that prevent their
widespread application. Therefore, there is a need for better
methods for directly determining aerosol pH.28 Recently, Ault

and Dutcher, along with their co-workers, have made great
strides in this regard. In several seminal papers, it was shown
that the pH for substrate-deposited aerosol particles can be
directly determined using Raman microspectroscopy (vide
infra).29−31 In more recent work, colorimetric image
processing was used to determine the pH of aerosol particles
that were directly deposited onto pH paper.32

Table 1 summarizes these different direct and indirect
methods for determining aerosol pH and includes the main
advantages and disadvantages of each method, along with some
key points.29−41 The indirect methods were previously
discussed in detail in a review by Hennigan et al.27

In addition to various methods of measuring aerosol pH,
there are also multiple approaches to calculating solution pH
based on chemical equilibria. One widely used approach is the
Henderson−Hasselbalch (H−H) equation (eq 1)
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where pH is calculated through knowledge of the pKa and the
ratio of the concentrations of acid, [HA], and its conjugate
base, [A−].42 The pH derived from the Henderson−
Hasselbalch equation is simply from the definition of the
equilibrium constant, Ka, in logarithmic form. However, eq 1 is
applicable to a limited range of solution conditions and does
not take into account nonideal behavior and ion activity. This
results in a breakdown of the H−H equation for relatively
strong acids or bases as well as for systems where activity
coefficients cannot be neglected.43,44 The Debye−Hückel
theory (DHT) and specific ion interaction theory (SIT) can
be used to calculate ion activities. Both of these approaches
more accurately determine pH by taking into account
deviations from ideal solution behavior by calculating activity
coefficients for strong electrolyte solutions.42,45,46

DHT was recently applied to substrate-deposited aerosol
particles. Aerosol pH was determined using experimental data
from Raman spectroscopy of conjugate acid/base pairs along
with extended DHT.29−31 In this method, activity coefficients,
γi, for species i are determined by the extended Debye−Hückel
equation (eq 2)
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where A and B are constants characteristic of the solvent
(water) and a is the effective diameter of the ion in solution. I
is the ionic strength of the solution
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which is calculated from the concentration (molarity), ci, and
charge, zi, of each ion. The activity, ai, can be related to the
dissociation constant, Ka
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for a system in equilibrium. The pH of the substrate-deposited
particle pH can be calculated

γ= − = − [ ]+
+ +apH log( ) log( H )H H (5)

after iteratively solving for γH+ and aH+
.

The Debye−Hückel method works best for low electrolyte
concentrations and is most accurate for aqueous solutions with
ionic strengths ≤ 0.1 m.45,47 Additionally, one of the major
assumptions of the Debye−Hückel model is that the
interactions between ions occur only through long-range
electrostatic interactions. However, in more concentrated
electrolyte solutions, shorter-range specific ion−ion interac-
tions need to be considered as well.46,48 Thus, in some cases,
DHT fails to account for interactions between ions based on
their identity and therefore can poorly predict H+ activity.
The SIT model provides an alternative method for

predicting activity coefficients (eq 6)

∑γ ε= − +z D i k I mlog ( , , )i i
k

k
2

(6)

by taking the interactions of specific ions in solution into
account using ion interaction coefficients

ε ε ε= + × Ilog( )1 2 (7)

where ε is the interaction coefficient of species i with species k
and the summation is extended over all species present at the
molality mk and is dependent on the ionic strength of the
solution.46,49,50 In eq 6, D is the Debye−Hückel term
described by eq 2. The ion interaction coefficient, which
depends on ionic strength, empirically describes the specific
short-range interactions between species i and k in solution.
The coefficients are determined from electrochemical measure-
ments, and the coefficients of many common species are
available in the literature.46,51 A table of coefficients and
constants used in DHT and SIT calculations can be found in
the Supporting Information (Table S1).

Table 1. Summary of Direct and Indirect Methods for Determining Aerosol pH

Method Advantages Disadvantages Refs

Direct Methods

inorganic or electrochem-
ical measurement of
filter extracts

few empirical constants needed; some
methods portable; useful to observe trends
of changes in bulk properties

requires time-intensive sample filtering; poor resolution; prone to sampling artifacts
such as failure to denuder and remove alkaline particles or interaction of particles
with denuder coating

27,38−40

individual particle meas-
urement via spectros-
copy

nondestructive; few assumptions required;
precise information on size and refractive
index simultaneously obtained

useful ion pair (e.g., SO4
2−/HSO4

−) must be present at detectable concentrations;
works for limited size range; works best when ion pair peaks are of similar intensity

29−31

aerosol deposition onto
pH paper

particles need not be predried or filtered;
ambient results can be obtained in ∼2 h

some indicators require correction for systematic bias; each indicator most useful in
the middle of its range; need to account for species absorbing in the visible

32

fluorescent probe micros-
copy

highly sensitive; can monitor liquid−liquid
phase separation

pH range limited to ∼2 units 41

surface-enhanced Raman
spectroscopy

information on pH distribution within a
substrate deposited aerosol can be ob-
tained

there is discussion that this method may measure the concentration of H+ rather
than activity

35,37

Indirect Methods

ion balance simple and useful for inorganic systems organic compounds complicate results; model failed to correlate with known results
of some field campaigns

27

molar ratio adaptable to various ion composition
profiles and absolute concentrations

high uncertainty; disagrees with established models 27

thermodynamic equili-
brium models (e.g., E-
AIM, ISORROPIA,
AIOM-FAC)

widely applicable; can use either total
aerosol + gas content (“forward”) or
individual component (“reverse”) con-
centrations as input

various models substantially disagree; models diverge when ammonia is dilute;
“reverse” mode highly sensitive to minor ionic measurement errors; low liquid
water content of aerosols can result in low precision; many ignore organics;
requires equilibrium

27,33,34

phase partitioning recommended for high accuracy requires system to have reached equilibrium, which is often untrue, especially for
large aerosols; sensitive to uncertainty in ammonia concentration and variations in
ionic strength

36
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Given the wide range of experimental and computational
methods available for determining pH, it is essential that each
method accurately reflects the activity of H+. In the current
study, we examine the validity of calculating the pH of
individual aerosols by combining Raman measurements with
H−H, DHT, and SIT. Aerosols produced are not passed
through a diffusion dryer or impacted onto a substrate,
therefore removing the need to consider any effects due to
drying or possible substrate effects. We also examine the extent
to which this method can be used to calculate the changing pH
of an aerosol upon titration as manipulation of aerosol pH
would be essential to studying environmental reactions at
atmospherically relevant pH values.
Here, pH is calculated for both bulk solutions and aerosol

using DHT and SIT by first determining calibration curves of
concentration versus integrated peak area from Raman spectra
of one of the conjugate acid/base pairs (e.g., sulfate in the
bisulfate/sulfate system and carbonate in the bicarbonate/
carbonate system). For bulk solutions, a confocal Raman
spectrometer is used to create the calibration curves for
aqueous solutions. For an aerosol (∼8 μm diameter), an
aerosol optical tweezer combined with a cavity enhanced
Raman spectrometer is used to determine the Raman intensity
as a function of concentration. Calibration curves for sulfate
and carbonate are given in Figures S1 and S2 in the Supporting
Information. The conjugate ion concentrations are calculated
under the assumption that the total sulfur concentration is
constant for sulfate/bisulfate, or in the case of carbonate/
bicarbonate the total carbon is constant, and that the
concentration in the trapped aerosol is the same as in the
bulk solution. Sulfate and bisulfate concentrations (or
carbonate and bicarbonate concentrations) and ionic strength
are then used to determine activity coefficients, and ultimately
pH, by iteratively solving eqs 2−7. For experiments in which
aerosol pH is titrated via droplet coalescence with a more
acidic aerosol (vide infra), changes in ionic strength with acid
dosing are taken into account. In comparison, when calculating
pH using the H−H method, the ratio of sulfate to bisulfate is
determined by comparing the integrated peak area of the
sulfate and bisulfate vibrational bands from the Raman spectra.
Before applying these calculations to trapped aerosols, we

first investigated bulk solutions near the same concentrations
and pH that are used for aerosol experiments and calculated
pH using the three methods discussed aboveH−H, DHT,
and SITto determine which one provides the most accurate
calculation from known bulk solutions (see additional
information in the Supporting Information). The results are
summarized in Figure 1, where the dashed line represents the
case where bulk measured pH is equal to the calculated pH. By
comparing all three methods, it can be seen that the SIT
method is closest in agreement with the dashed line, indicating
that pH determined via the SIT method is in greatest
agreement with the experimentally measured values compared
to the DHT or H−H methods for these solutions. Therefore,
SIT is used for determining aerosol pH.
Using bulk aqueous solutions of known pH, aerosols were

generated using an ultrasonic nebulizer, and the pH of the
trapped aerosol was calculated, as done above for bulk
solutions, but with the calibration curve obtained for aerosol
as shown in Figure S1b. Figure 2 compares the bulk measured
pH to the calculated particle pH for trapped sulfate and
carbonate aerosols where the dashed line represents the case
where the measured bulk pH is equal to that of the calculated

particle pH. From this plot, it can be seen that the majority of
the calculated pH values for the trapped aerosol lie below the
1:1 line, indicating that there is acidification during the
formation of the aerosol and trapping process. Ault and
Dutcher, as well as others, have observed a similar trend in
acidification during the aerosolization process, although it
should be noted that in these studies, the aerosol was sent
through a diffusion dryer leading to a decrease in pH.29−31,52

Additionally, following the method described by Ault and co-
workers,32 pH was determined using colorimetric analysis by

Figure 1. Comparison of experimentally measured bulk solution pH
to calculated bulk solution pH using H−H equation (green), DHT
(blue), or SIT (red) methods. Calculated pH values are determined
using the equations provided in the main text and sulfate
concentrations obtained from the calibration curve shown in Figure
S1a. The dashed line represents the 1:1 line where bulk measured pH
is equal to that of calculated pH.

Figure 2. Comparison of measured bulk pH to calculated aerosol pH
using the SIT method for trapped sulfate aerosol. Calculated pH
values are determined by eqs 2−7 where sulfate concentration is
obtained using the calibration curve from Figure S1b. The dashed line
represents the 1:1 line where measured bulk pH is equal to the
calculated aerosol pH. It can be seen that in most cases, the aerosol
pH is more acidic than the bulk pH.
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directly impacting aerosols generated by the nebulizer onto pH
paper, the results of which are summarized in Figure S3 and
confirm acidification upon nebulization (see the Supporting
Information for more detail). Overall, these results show that
the bulk pH and aerosol pH are not the same and can differ
depending on how the aerosol is prepared from a bulk solution
for laboratory studies.
Once trapped, aerosol pH can be changed and further

probed. This is done by introducing more acidic aerosol
containing HCl into the trapping chamber while monitoring
the Raman spectra before and after each coalescence event. A
detailed description of the trapping and coalescence methods
can be found in the Supporting Information. For each trapped
aerosol, the pH is calculated before and after each coalescence
event. However, it should be noted that the current method
does not take into account equilibration with the surrounding
gas phase and volatilization which may be important in other
systems. For example, in the ammonium sulfate or ammonium
nitrate systems, ammonia diffusion and partitioning from the
particle to gas phase should be considered.
Calculated aerosol pH as a function of coalescence event for

a sulfate aerosol repeatedly coalesced with a more acidic,
smaller aerosol is shown in Figure 3a. As radius increases, the
calculated pH decreases with each consecutive coalescence

event. Additionally, this change in pH can be seen
spectroscopically by examining the ratio of conjugate acid/
base pairs. For example, Figure S5 depicts the change in peak
area ratios for sulfate/bisulfate as a trapped sulfate aerosol is
titrated with a smaller, more acidic aerosol. With each
coalescence event, the ν1(SO4

2−) band decreases while the
ν(HSO4

−) band increases, corresponding to a shift in
equilibrium and a decrease in pH. This decrease in pH upon
coalescence demonstrates the ability to change or control the
pH of a trapped aerosol via coalescence with a smaller, acidic
aerosol.
Control experiments were also done and are shown in Figure

3b. In this plot, the change in calculated pH and radii of a
trapped sulfate aerosol coalesced with a solution of the same
pH, instead of a more acidic aerosol, are shown. Although the
radius increases with each consecutive coalescence, there is
little variation in calculated pH with each coalescence event,
indicating that, at a constant relative humidity, the aerosol
grows because of coalescence but no significant change in
aerosol pH is observed. This can also be seen by examining the
symmetric stretch of the sulfate vibrational mode ν1(SO4

2−) at
985 cm−1 in the Raman spectra. The integrated peak area of
the ν1(SO4

2−) clearly decreases with each coalescence event
when coalesced with an acidic solution (Figure S6a) as

Figure 3. (a) Calculated aerosol pH (closed, black circles) and radii (open, blue circles) of a trapped sulfate aerosol coalesced with a smaller acidic
aerosol prepared from a 1 M HCl solution. Following each coalescence event, there is a decrease in aerosol pH and corresponding increase in
aerosol size as coalescence proceeds from coalescence event 0 to 9, where 0 is the initial aerosol before any coalescence. (b) Calculated aerosol pH
and radii of a trapped sulfate aerosol following coalescence with water of the same pH (2.1), indicating that the initial aerosol pH does not change,
as expected for this control experiment. The dashed line is the average calculated aerosol pH over the entire range of coalescence events (see
images of a coalescence event in Figure S4).
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compared to the minor changes in the vibrational band when
coalesced with a solution of the same pH (Figure S6b, control
experiment).
Similar experiments were performed to examine the

influence that concentration of the smaller, acidic aerosol has
on the change in pH of the initially trapped aerosol. Figure 4

shows the calculated pH of sulfate aerosol, trapped from the
same initial bulk solution, titrated with 1 or 3 M HCl. With
both concentrations of acid, as coalescence progresses the
calculated pH of the aerosol decreases because the aerosol is
further acidified with each coalescence event. In Figure 4, the
dashed line represents the pH value for which the calculated
aerosol pH begins to level off after multiple coalescence events.
As expected, this pH value is near the pH of the bulk acid
sample (pH 0 and −0.48 for 1 and 3 M HCl, respectively).
This is because as the number of coalescences increases, the
mole fraction of HCl within the aerosol increases and
approaches the pH of the more acidic aerosol. This
observation is important to note as it shows how the SIT
method can be used to accurately determine aerosol pH.
Additionally, the rate at which the aerosol acidifies as it is

titrated increases when coalescing with smaller, acidic aerosol
prepared from 3 M HCl solutions compared to 1 M HCl
solutions, and fewer coalescence events are required to cause
the same decrease in aerosol pH when using the more
concentrated acid. For example, as seen in Figure 4, only one
coalescence event is required to reach a pH of approximately
0.5 with 3 M HCl, whereas two coalescence events are needed
to reach the same pH with 1 M HCl. However, it should be
noted that the change in pH with each coalescence is not
consistent, which could be due to multiple reasons. First, the
pH scale is logarithmic; as a result, if each coalescence added
the same number of H+ ions, the change in pH would be larger
for cases where the starting pH is higher. Therefore, the change
in pH is expected to diminish over time as the concentration of
H+ continues to increase. Second, the variation in amount of
change in pH per coalescence event may be attributed to the
inconsistency in the size of the final aerosol following
coalescence. With the current nebulization method, there is

little control over the exact size of the smaller, acidic aerosol
(i.e., the incoming aerosol to be coalesced with the aerosol that
is within the optical trap). The nebulizer used in these
experiments produces a range of aerosol sizes with a reported
mass median aerodynamic diameter of ca. 5 μm. Although
there is currently little control of the size of the incoming
aerosol, the size can be estimated by calculating the change in
radius of the trapped aerosol after coalescence, for this
experiment, the average incoming acidic aerosol was 0.1 μm in
radius. To obtain better control of size, additional nebulization
methods should be considered. Nonetheless, the pH of a
trapped aerosol can be changed and titrated via coalescence
with a more acidic aerosol.
To investigate if this method for determining and controlling

aerosol pH through coalescence is applicable to other chemical
systems, the same method was applied to the carbonate/
bicarbonate system. Using the concentration calibration curve
determined via AOT cavity enhanced Raman spectroscopy
(Figure S2), the pH of a trapped carbonate aerosol can be
determined from a bulk solution (see Figure S7 in the
Supporting Information) and following titration with a smaller,
acidic aerosol as summarized in Figure 5. Because of the

difference in chemical properties of sulfate and carbonate,
titration was limited to the pH region near the pKa
(specifically, pKa2 = 10.3353) to avoid the formation and
release of carbon dioxide, which occurs at lower pH. As shown
in Figure 5, there is a decrease in pH with each coalescence
event and a leveling off of pH after multiple coalescences,
similar to the case with sulfate. A larger error is associated with
the carbonate system, as compared to sulfate, because of the
changes in intensity in the Raman spectra. In the case of
sulfate, as the aerosol underwent coalescence with a smaller
acidic aerosol, the ν1(SO4

2−) vibrational mode remained
prominent, whereas for carbonate, the ν1(CO3

2−) vibrational
mode began to diminish with each coalescence, therefore
resulting in greater uncertainty associated with the peak-fitting
process. This error can be minimized by using a higher
concentration of carbonate, therefore making the carbonate
vibrational mode more pronounced. Additionally, it should be
noted that the calculated initial particle pH is lower than that

Figure 4. Calculated pH of trapped sulfate aerosol coalesced with
smaller acidic aerosols prepared from 1 M (closed circles) or 3 M
(open circles) hydrochloric acid solutions. Calculated pH is shown as
a function of the number of coalescence events where 0 is the
calculated pH of the trapped aerosol prior to coalescence. The dashed
line represents the value at which pH levels off for coalescence
experiments with 1 M HCl.

Figure 5. Calculated pH of a trapped carbonate aerosol, from a bulk
solution with a measured pH of 12.4, coalesced with a smaller particle
from a 1 M HCl solution. Calculated pH is shown as a function of the
number of coalescence events, where 0 is the calculated pH of the
trapped aerosol prior to acid coalescence.

The Journal of Physical Chemistry Letters Perspective

DOI: 10.1021/acs.jpclett.9b00757
J. Phys. Chem. Lett. 2019, 10, 4476−4483

4480

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00757/suppl_file/jz9b00757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00757/suppl_file/jz9b00757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00757/suppl_file/jz9b00757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00757/suppl_file/jz9b00757_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b00757


of the bulk solution, again demonstrating the acidification
effect on aerosolization of a bulk solution.
From this work we have shown that control of aerosol pH is

attainable through coalescence with acid and can be applied to
multiple chemical systems. Figure 6 summarizes the exper-
imental technique used here to calculate and control aerosol
pH. Additionally, future experiments include coalescing a
trapped aerosol with a smaller more basic aerosol to show that
aerosol pH can also be increased through coalescence. With
both acid and base coalescence, aerosol titration over a range
of pH values is possible. In addition to control over aerosol
pH, this technique also allows for control over the gaseous
medium and relative humidity surrounding the trapped
aerosol. This control over aerosol pH and its environment
would allow studies of individual aerosols within dynamic
environments, similar to those in the atmosphere, to be
mimicked and probed in the laboratory. These laboratory-
based single-aerosol studies provide valuable information, such
as chemical kinetics of reactions within individual aerosols or
elucidation of surface effects by comparing bulk phase
chemical reactions and kinetics to those in the aerosol phase,
which can be used in atmospheric chemistry models to more
accurately predict and simulate aerosol chemistry. It is also
worth noting that the method described in the current studies
is capable of measuring pH of a single trapped aerosol but
cannot differentiate between the surface or bulk of the aerosol.
Therefore, future experiments designed to probe acidity at the
aerosol surface would require surface-sensitive methods such as
SFG and/or recently developed methods using mass
spectrometry.54−56

These results also underscore the high ionic strength
environments and the nonideal behavior within an aerosol.
SIT calculations of pH have been provided to take this into
account, and it was shown that SIT calculations for high ionic
strength bulk solutions are in good agreement with the
measured bulk pH. Using these SIT calculations, we can
predict aerosol pH limits following repeated coalescence with
smaller acidic aerosols to the pH of the acidic aerosol. There is
a need for similar confirmation be done for other direct pH
measurement in order to verify the reliability of the method to
measure environmental samples. Overall, the results presented
here provide evidence for a method to calculate aerosol pH

and change aerosol pH via droplet coalescence that will allow
examination of pH-dependent speciation, pH-dependent
reactions, and other pH effects within a single aerosol that
can be used in laboratory studies to better understand the
physical chemistry of atmospherically relevant aerosols.
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Figure 6. Schematic of the aerosol-trapping process from bulk solutions of pH x. The initial pH of the aerosol is less than that of the bulk solution.
The aerosol pH can be changed through coalescence with another aerosol at a different pH. Raman spectra from the trapped particle are used in
conjunction with calibration curves to determine concentration and ultimately calculate the following aerosol pH.

The results presented here pro-
vide evidence for a method to
calculate aerosol pH and change
aerosol pH via droplet coales-

cence that will allow examination
of pH-dependent speciation, pH-
dependent reactions, and other
pH effects within a single aerosol
that can be used in laboratory
studies to better understand the
physical chemistry of atmos-
pherically relevant aerosols.
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